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Abstract
Grapevine virus A (GVA) carries five open reading frames (ORFs). Only the coat protein ORF has been experimentally identified as
such; the roles of some of the other ORFs have been deduced by sequence homology to known genes (Minafra et al., 1997). The construction
of a full-length, infectious clone of GVA has been previously reported (Galiakparov et al., 1999). In an attempt to experimentally define
the role of the various genes of GVA, we utilized the infectious clone, inserted mutations in every ORF, and studied the effect on viral
replication, gene expression, symptoms and viral movement. Mutations in ORF 1 abolished RNA replication. Mutations in ORF 2 did not
affect any of the aforementioned parameters. Mutations in ORFs 3 and 4 restricted viral movement. Mutations in ORF 5 rendered the virus
asymptomatic, and partially restricted its movement.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
The genus Vitivirus includes four defined species: grape-
vine virus A (GVA), grapevine virus B (GVB), grapevine
virus D (GVD), and heracleum latent virus (HLV). Grape-
vine virus C (GVC) is a tentative species of this genus
(Martelli et al., 1997). GVA and GVB have been completely
sequenced (Saldarelli et al., 1996; Minafra et al., 1997).
Partial sequences are available for GVD (Abou-Ghanem et
al., 1997) and HLV.
GVA has a single-stranded (ss) RNA genome of 7349
nucleotides, excluding a polyA tail at the 3 terminus. The
GVA genome includes five open reading frames (ORFs).
ORF 1 encodes a 194-kDa polypeptide with conserved
motifs of replication-related proteins of the “Sindbis-like”
supergroup of positive-strand ssRNA viruses. ORF 2 en-
codes a protein of 19 kDa, with no significant homology to
any other known proteins except for some similarity to the
polypeptide encoded by ORF 2 of GVB (Minafra et al.,
1997). Antisera, raised against the putative 20 kDa product
of ORF 2 of GVB, have failed to detect a protein in extracts
from GVB infected plants (Saldarelli et al., 1996). ORF 3
encodes a polypeptide of 31 kDa, with amino acid similarity
to putative movement proteins (MPs) from the 30 K super-
family (Minafra et al., 1994). The protein encoded by ORF
4 is the coat protein (CP) (Minafra et al., 1994). ORF 5
encodes a small protein of 10 kDa with no homology to
other known proteins. However, the corresponding ORF 5
of the closely related Vitivirus GVB shares homology with
small, 3 terminal polypeptides of various plant viruses that
contain the zinc finger domain of nucleic acid binding
proteins (Minafra et al., 1994). To date, the CP gene is the
only GVA gene to which a function has been experimen-
tally assigned (Minafra et al., 1994, 1997). An infectious
clone of GVA isolate PA3 has been constructed (Galiak-
parov et al., 1999).
We have been exploring the biological activity of pro-
teins encoded by the various GVA ORFs. In the present
paper we systematically mutated every ORF of the infec-
tious clone to identify and assign functions to the viral gene
products.
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Results
ORF 1 mutation
ORF 1 encodes a polypeptide with domains similar to
those of methyl-transferase, RNA helicase and RNA-depen-
dent RNA polymerase. in the clone pGVA-fsORF1 (Fig. 1),
a frameshift mutation was introduced at nucleotide position
3632, leading to the premature termination of the polypep-
tide encoded by ORF 1. This truncated polypeptide lacks the
RNA-dependent RNA polymerase domain located between
amino acids 1234 and 1673. Nicotiana benthamiana proto-
plasts were inoculated with in vitro transcripts from pGVA-
fsORF1. Northern blot analysis of the total RNA isolated
from N. benthamiana protoplasts 48 h post-inoculation (hpi)
failed to detect GVA RNA (Fig. 2A, Lane 1). In addition, no
putative MP could be detected in extracts from these pro-
toplasts by Western blot (Fig. 2B, Lane 1). Fig. 2 also
indicates that mutations in any other ORF did not abolish
GVA-RNA replication.
Several smaller-than-genome RNAs also appeared in
northern blots (Fig. 2). The two major bands were of an
estimated size expected for subgenomic RNAs (sgRNAs)
initiated from RNA promoters located upstream of ORF 3
and ORF 4.
Fig. 1. Schematic illustrations of the full-length infectious clone of GVA (pGVAN3) and the mutants used in this study. Positions of ORFs and restriction
sites used in this work are shown at the top. Horizontal arrows indicate positions of primers. Constructs carrying nonsense (ns) mutations are indicated, and
the hatched white boxes illustrate the amino acid sequence that was changed to nonsense. Frameshifts are also indicated and their positions are marked with
a dark arrowhead.
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Mutations in ORF 2
The mutant clone pGVAORF2 (Fig. 1) was constructed
by deleting a DNA fragment between two AccI sites. The
first AccI site is located 94 nucleotides downstream of the
start codon of ORF 2. The second is located 121 nucleotides
upstream of the stop codon of ORF 2, which is 65 nucleo-
tides upstream of the start codon of the overlapping ORF 3.
N. benthamiana plants inoculated with in vitro transcripts of
clone pGVAORF2 showed symptoms 7 days post-inocula-
tion (dpi). These symptoms and the time of their appearance
were similar to those developed on plants inoculated with in
vitro transcripts from the nonmutated infectious clone
pGVAN3. Protein extracts were subjected to Western blot
analysis with antisera to CP and to the putative movement
protein (Fig. 3). Plants inoculated with the ORF 2 deletion
mutant produced CP similar to those inoculated with nonmu-
tated transcripts (Fig. 3B). Expression of the putative MP was
at a reduced level (Fig. 3A, Lane 1) compared to the wild type
(Fig. 3A, Lane 3). Northern blot analysis of the RNA isolated
from protoplasts inoculated with the mutated and wild-type
transcripts showed a significant decrease in the accumulation
of the putative subgenomic MP-sgRNA (Fig. 2A, Lane 2) as
compared to the nonmutated form (Fig. 2A, Lane 7). Proteins
from these protoplasts were subjected to Western blot analysis
of putative MP expression. Results obtained from the experi-
ment in planta indicated that MP expression was at a reduced
level in protoplasts inoculated with the mutated transcript (Fig.
2B, Lane 2) as compared to wild-type expression (Fig. 2B,
Lane 7).
ORF 3 encodes the GVA MP
In clone pGVAMPGUS (Fig. 1), the GUS gene substi-
tutes 355 nucleotides of ORF 3. The 5 border of the GUS
Fig. 2. Northern (A) and Western (B) blot analysis of total RNA and
protein extracts from protoplasts inoculated with the following in vitro
transcripts: pGVA-fsORF1 (Lane 1), pGVAORF2 (Lane 2),
pGVAMPGUS (Lane 3), pGVA-fsCP (Lane 4), pGVA-nsORF5 (Lane 5)
and pGVAN3 (Lane 7). Lane 6: total RNA or proteins from mock-
inoculated protoplasts. Hybridization was performed with a DIG-labeled
probe complementary to ORF 3. The Western blot was performed with
antiserum against the MP.
Fig. 3. Western immunoblot detection of MP (A) and CP (B) in extracts of N. benthamiana plants infected with in vitro transcripts from pGVAORF2 (Lane
1) and pGVAN3 (Lane 3) clones. Lane 2 represents protein extracts from mock-inoculated plants; lane M, size markers (New England Biolabs, broad-range
protein markers).
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gene is located 90 nucleotides downstream of the start
codon of ORF 3, which is 31 nucleotides downstream of the
stop codon of the overlapping ORF 2. The GUS stop codon
was preserved to prevent expression of the residual 3 ter-
minal part of ORF 3. N. benthamiana plants, inoculated
with in vitro-transcribed RNA from pGVAMPGUS, re-
mained asymptomatic for at least 3 weeks. Inoculated leaves
were subjected to histochemical analysis 6 dpi, which re-
vealed that only single cells accumulated GUS (Fig. 4A).
Western blot assays of protoplasts indicated that MP was
not expressed. (Fig. 2B, Lane 3). Figure 2A (Lane 3)
indicates that this mutation did not affect the accumula-
tion of the genomic viral RNA, which was at a level
comparable to that in the wild type (Fig. 2A, Lane 7), but
did abolish the appearance of the MP sgRNA. Hence,
genomic transcripts were expressed but lost their ability
to spread from cell to cell, and thus ORF 3 can be
designated as encoding MP.
This was corroborated by in vivo experiments. N.
benthamiana plants were inoculated with transcripts of the
clone pWG, harboring the GUS gene under the duplicated
putative subgenomic promoter of MP. Histochemical anal-
Fig. 4. GUS assay of N. benthamiana leaves. A single blue cell infected with GVAMPGUS (A) and WG-fsCP (B). Inoculated (C) and systemic (D) leaves
from plant infected with in vitro transcripts from clone pWG. Inoculated (E) and systemic (F) leaves of N. benthamiana plants infected with WG-nsORF2.
G, H, J, and K, I, L are clusters of blue cells infected with pWG and pWG1 respectively. G and K are leaves collected 50 hpi;H and I, 72 hpi; and J and
L, 18 hpi. Bar  500 æm.
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ysis showed a high level of GUS expression in inoculated
leaves (Fig. 4C) as well as in systemic leaves (Fig. 4D) 7
dpi. This confirmed that the lack of viral movement in the
case of pGVAMPGUS was not merely due to the insertion
of a large DNA fragment.
Mutations in CP
ORF 4 has already been identified as the CP gene (Mi-
nafra et al., 1994). To study a possible role for CP in viral
replication and movement, we created two plasmids with
the same frameshift mutation. The pGVA-fsCP (Fig. 1) is a
mutated full-length clone, to which a single nucleotide
frameshift was introduced in the middle of the CP-coding
region. The second plasmid, pWG-fsCP (Fig. 1), is the
GUS-carrying full-length clone with the same frameshift
mutation. Both clones expressed only the first 101 amino
acids (out of 198) of CP. In vitro-transcribed RNA from
pGVA-fsCP was used for inoculation of protoplasts. After
48 h, total proteins were extracted from the protoplasts and
CP expression was analyzed by Western blotting. The CP
could not be detected in extracts inoculated with transcripts
from clone pGVA-fsCP (Fig. 5B). Immunoblot analysis
shows that this mutation in the CP did not affect expression
of MP (Fig. 5A). Analysis of the total RNA isolated from
the protoplasts inoculated with transcripts of this clone
showed that the replication of the viral genome was com-
parable to that of protoplast inoculated with wild-type tran-
scripts (Fig. 2A, Lane 4). N. benthamiana plants inoculated
with pGVA-fsCP transcripts did not show symptoms of
infection and the virus could not be detected by Western
blots in extracts from inoculated or newly developed leaves.
N. benthamiana plants inoculated with transcripts from
pWG-fsCP were analyzed for GUS activity 6 dpi. X-gluc
stained inoculated leaves showed GUS activity to be restricted
to single cells (Fig. 4B). This indicated that CP (in addition to
MP) is required for cell-to-cell movement of the virus.
Mutations in ORF 5
The clone pGVA-nsORF5 (Fig. 1) was constructed by
changing the start codon of ORF 5 to ATC. N. benthamiana
plants inoculated with in vitro transcripts from pGVA-
nsORF5 remained asymptomatic for at least 5 weeks post-
inoculation. MP in protein extracts from systemic leaves of
these plants could be detected by Western blot only after 18
to 20 dpi and the amount of this protein was considerably
reduced (Fig. 6), as compared to 6 days with the nonmutated
transcript. However, extracts from protoplasts inoculated
with transcripts from the pGVA-nsORF5 and pGVAN3
showed the same quantity of MP (Fig. 2B, Lane 5 and 7).
Partially purified virions from the same amount of proto-
plasts, inoculated with transcripts from pGVA-nsORF5 and
pGVAN3, were dissociated in SDS gel-loading buffer and
analyzed by Western blot for CP (Fig. 6C). Northern anal-
ysis of the RNA from the inoculated N. benthamiana pro-
toplasts showed the presence of genomic and subgenomic
RNAs of the same size and amount as those synthesized
after inoculation with transcripts from the pGVAN3 clone
(Fig. 2A, Lane 5).
Clone pWG1 (Fig. 1) has an 11-nucleotide non-frame
deletion at the 5-end of ORF 5. This clone was used to
determine the effect of the mutation on the rate of cell-to-
cell movement of GVA. In vitro transcripts from this clone
and from pWG were inoculated onto N. benthamiana
leaves. Inoculated leaves were collected at 24, 50, 72 and
118 hpi. Infection foci were visualized by staining the
leaves in the aforementioned manner. Diameters of at least
five foci for each clone and time interval were measured by
counting palisade cells. At 24 hpi, GUS activity appeared
only in single cells in both cases. Diameters of WG foci
extended up to seven cells at 50 hpi, 12 cells at 72 hpi and
19 cells at 118 hpi (Figs. 4G, 4H and 4I). Diameters of WG1
foci were four cells at 50 hpi, six cells at 72 hpi and eight
cells at 118 hpi (Figs. 4J, 4K and 4L).
These data show that mutations in ORF 5 did not affect
viral replication or the expression of MP or CP. Neverthe-
less, GVA movement was impaired by mutations in ORF 5.
Discussion
GVAN3 and Minafra’s GVA strain (Minafra et al., 1997)
seem to be two strains of the same virus. Their genome size
and organization is similar and sequence analysis showed a
high degree of similarity. Amino acid identity with ORFs 1,
2, 3, 4, and 5 was 83, 73, 79, 97, and 91% respectively.
Prior to this work, only the product of ORF 4 had been
experimentally identified as the viral CP. All other ORFs
Fig. 5. Immunoblot analysis of total proteins extracted from N. benthami-
ana protoplasts inoculated with the in vitro transcripts from pGVAN3
(Lane 1) and pGVA-fsCP (Lane 3). Lane 2, proteins extracted from
mock-inoculated protoplasts. Both clones expressed equal amounts of MP
(plate A). Expression of CP can be detected only in protoplasts inoculated
with GVAN3 (plate B). Lane M, size markers.
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were assigned tentative roles only on the basis of sequence
analyses (Minafra et al., 1994, 1997).
A frameshift mutation in ORF 1 completely abolished
the accumulation of the viral RNA and mutations in any
other ORF did not affect genomic RNA replication. Hence,
the product of the ORF 1 is the only viral protein required
for replication.
ORF 2 encodes a putative 19-kDa protein that has no
significant similarity to any known protein in the database.
A large deletion in ORF 2 did not affect the movement of
the virus or the expression of CP. The expression of MP was
slightly reduced as compared to the nonmutated virus, prob-
ably due to the deletion of a region located 65 nucleotides
upstream of the MP start codon, which might have affected
subgenomic transcription or translation efficiency. This de-
letion may have had a slight effect on the promoter for MP
mRNA. Virions extracted from protoplasts inoculated with
pGVAORF2 were identical to those of the nonmutated
virus (data not shown). ORF 2 may be required for infection
of the grape plants and/or for transmission of the virus by
mealybugs, the natural vector of the virus (Notte et al.,
1997). Our attempts to transmit the virus via mealybugs
from N. benthamiana plants infected with transcripts from
the infectious clone failed.
Insertion of the GUS gene into ORF 3, leaving the first
30 amino acids of the putative MP intact, restricted the virus
to single cells. To show that movement of the virus was not
affected merely by the introduction of a foreign gene into
the viral genome, the GUS gene was cloned into the full-
length infectious clone under a duplicated putative sub-
Fig. 6. Detection of MP in N. benthamiana plants and comparison of CP amount in protoplasts infected with pGVA-nsORF5 and pGVAN3. Systemic leaves
of plants inoculated with in vitro transcripts from pGVAN3 (Lane 1) and pGVA-nsORF5 (Lane 3), and a leaf of a healthy plant (Lane 2) are shown in plate
A. Proteins extracted from these leaves were subjected to immunoblot analysis (plate B). MP can be detected in leaves from a plant infected with
GVA-nsORF5 (Lane 3, plate B) though this leaf does not show symptoms, and the amount of MP is reduced comparing to that in the plant infected with
GVAN3 (Lane 3, plate B). Western blot analysis of partially purified virions shows the same amount of CP expressed in protoplasts infected with transcripts
from pGVAN3 (Lane 1, plate C) and pGVA-nsORF5 (Lane 2, plate C).
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genomic promoter for MP (clone pWG). GUS activity in the
inoculated and systemic leaves showed the ability of the
virus to accept a large insert. Thus, the restriction of move-
ment exhibited by the clone pGVAMPGUS was due to the
MP deletion and not to the GUS insertion. Systemic spread
of GUS-carrying virus under the duplicated putative MP
promoter was not stable and in most cases infection was
restricted to inoculated leaves. It is known that duplicated
regions of a viral genome tend to be lost by homologous
recombination (Dawson et al., 1989). However, this con-
struct is a valuable tool for investigating the role of GVA
genes in cell-to-cell movement.
The expression of GUS from pGVAMPGUS is by
itself an indication that a short sequence upstream to ORF 3
serves a RNA promoter for sgRNAs.
In several instances, viral capsid proteins have been
shown to play other roles in the life cycle of a virus (in
addition to encapsidation). A frameshift mutation in the CP
gene of GVA showed that the capsid protein is required for
cell-to-cell movement of the virus. Immunoblot analysis of
the total proteins and RNAs extracted from protoplasts
infected with pGVAN3 and pGVA-fsCP showed equal
amounts of the MP and of the genomic RNA, thus suggest-
ing that the CP is not required for the replication of GVA.
Mutations in the ORF 5 gene did not affect CP or MP
expression in protoplasts. However, accumulation of the
virus in systemic leaves was greatly reduced and the MP
could be detected only 18 to 20 dpi, as compared to 6 dpi
with the nonmutated virus. Furthermore, plants inoculated
with transcripts from pGVA-nsORF5 did not show any
symptom at all. It is not clear whether plants remained
asymptomatic because of the low viral titer or because ORF
5 is required for pathogenesis. Mutation of the ORF 5 gene
in clone pWG reduced the rate of cell-to-cell movement of
the virus twofold relative to the parental virus.
Materials and methods
Plasmids and primers
The full-length infectious GVA clone pGVAN3 has been
described previously (Galiakparov et al., 1999).
An AatII/PstI fragment consisting of GVA-ORF2 and
part of GVA-MP (bases 5050 to 6174) was transferred from
the full-length GVA clone to the plasmid pBluescriptKS
(Stratagene), to make pBlueAatII/PstI. Another fragment,
PstI/SalI (from base 6174 to the end of the genome), was
inserted into the plasmid pGEM-11Zf() (Promega) and
was designated pGEMPstI/SalI.
A list of primers used throughout this work is presented
in Table 1. Primer P1 is a complement to a region of the
plasmid pBI101 (Clontech) located downstream of the GUS
gene. Positions of the various primers along the GVA ge-
nome are graphically illustrated in Fig. 1.
Mutagenesis
The Following constructs are diagrammatically illus-
trated in Fig. 1.
The full-length clone pGVAN3 was cleaved with NcoI
(position 3631) followed by blunting of the restriction site
with T4 DNA polymerase and re-ligation. This manipula-
tion produced a four-nucleotide frameshift in ORF 1 before
the replicase domain, and the resultant construct was des-
ignated pGVA-fsORF1.
A GVA mutant from which most of ORF 2 is deleted was
constructed by cleaving a fragment between two AccI sites
of the infectious clone pGVAN3 (positions 5272 and 5588),
end-polishing and re-ligating. The resultant clone was des-
ignated pGVAORF2.
The plasmid pGVAMPGUS, carrying the GUS gene
in-frame with the first 13 amino acids of the putative MP-
ORF was produced by exchanging a XhoI/SmaI fragment of
pBlueAatII/PstI with the GUS gene, excised from pBI101
(Stratagene) with SacI and XhoI, the SacI end was blunted
by T4 DNA polymerase prior to cutting by XhoI.
The clones pGVAMPGUS and pGVAN3 were used for
the construction of a full-length clone carrying the GUS
gene under the putative subgenomic promoter of MP. A
fragment of pGVAMPGUS, starting upstream of the AatII
site and ending at the end of the GUS gene, was produced
by PCR using primers P1 and P2. The PCR product was cut
with AatII and SacI and inserted into pUC57 (Fermentas,
Vilnius, Lithuania) digested with the same enzymes. The
resultant plasmid was designated pUCORF2GUS. A frag-
Table 1
List of primers used for mutagenesis of GVA and their locations on the viral genome
Primer
number
Primer sequence and its position on the GVA genome
(except for primer P1 which is non-GVA)
Comments
P1 5-TCCCGAGCTCGTAGCCGACGATGGT-3 SacI site in bold
P2 4744 5-GCAACACCCCAATATGTTTCGCT-3 4766
P3 5544 5-GAAAGGAGCTCTTCTGGTTACT-3 5565 SacI site in bold
P4 6457 5-TCTATGATCGCCCTTATC-3 6440
P5 5208 5-TGAGTTCTAGAGTCAGGGTG-3 5227
P6 7004 5-GATATAGATCGATGACCCATC-3 7024
P7 7062 5-GCCTACGGCGCGCAAACGTGG-3 7042 BssHII site in bold
P8 6401 5-GGTTTGAAGACATATGGCACACTACG-3 6426
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ment of pGVAN3, starting 75 nucleotides upstream of the
start codon of the MP to the end of the MP, was produced
by PCR using primers P3 and P4. The PCR product was
digested with SacI and PstI and ligated into pUCORF2GUS
digested with the same enzymes. This plasmid was desig-
nated pUCORF2GUSMP. A fragment was excised with
AatII and PstI and used to replace part of pGVAN3 between
the AatII and PstI sites, creating the plasmid pWG, which is
a full-length GVA clone carrying GUS between ORF 2 and
MP, under control of the MP RNA promoter.
The plasmid pUCORF2GUSMP was used for site-di-
rected mutagenesis of ORF 2 by using the GeneEditor in
vitro Site-Directed Mutagenesis System (Promega) and the
mutagenic primer P5 according to the manufacturer’s pro-
tocol. This primer changed the TTG codon located 36 nu-
cleotides downstream of the start codon of ORF 2 to a stop
codon (TAG), creating the plasmid pUC-nsORF2GUSMP.
The insert from pUC-nsORF2GUSMP was transferred to
pGVAN3 in the same way as described for the construction
of pWG. The resultant plasmid was designated pWG-
nsORF2.
The plasmid pGEMPstI/SalI was cut with XagI, blunted
with T4 DNA polymerase and re-ligated. This manipulation
created a 1-nucleotide frameshift in the CP-coding region
after the 303rd nucleotide of this ORF. The mutated insert
was excised from the plasmid with AatII and PstI and
cloned into pGVAN3 or pWG digested with the same en-
zymes to give pGVA-fsCP and pWG-fsCP, respectively.
The mutation of ORF 5 was performed by site-directed
mutagenesis using primer P6 and the plasmid pGEMPstI/
SalI as a template. This mutation changed the start codon of
ORF 5 to ATC. The insert with this mutation was trans-
ferred into the full-length clone pGVAN3, creating the plas-
mid pGVA-nsORF5.
A frameshift mutation in ORF 5 was made by cleaving
pWG with XagI and BssHII, and replacing the excised
fragment with a PCR product made with primers P7 and P8.
This procedure created an 11-base deletion (from position
7049 to 7060) in pWG and was designated pWG1.
Synthesis of transcripts
The full-length clone and the mutated forms were cut
with NotI and SalI, resulting in a linear insert with a T7
promoter at its 5 end, followed by extraction with phenol,
phenol/chloroform and chloroform. The extracted con-
structs were precipitated in ethanol and dissolved in diethyl
pyrocarbonate-treated water. Transcription was carried out
under the following conditions: 40 mM Tris-HCl pH 7.9, 10
mM NaCl, 6 mM MgCl2, 2 mM spermidine, 10 mM dithio-
threitol, 1.5 mM each of ATP, UTP and CTP, 0.5 mM GTP,
1.5 mM m7G(5)ppp(5)G (Ambion, Austin, TX), 1 unit/l
of RNase inhibitor (Fermentas), 1 unit/l T7 RNA poly-
merase (Fermantas) and 0.05 g/l of template. Reactions
were incubated at 36°C for 2 h. Reaction products were
used directly for plant inoculation and protoplast transfor-
mation.
Plant and protoplast inoculation
Transcribed RNA (4 l) was used for inoculation of N.
benthamiana leaves as described previously (Galiakparov et
al., 1999).
N. benthamiana protoplasts were produced and inocu-
lated as previously described (Navas-Castillo et al., 1997),
with a slight modification: 8 l of the transcription reaction
was mixed with 0.2 ml (1  106) protoplasts in MMC (13%
mannitol, 5 mM MES, 10 mM CaCl2, pH 5.8) followed by
addition 0.5 of ml 30% PEG1450 (Sigma) in MMC, and
kept on ice for 20 s. The suspension was diluted gradually
with 10 ml MMC, and incubated at room temperature for 5
min. Protoplasts were collected by centrifugation, and dis-
solved in 1.5 ml culture media containing: 13% mannitol,
2% sucrose, Murashige and Skoog medium (Duchefa, Haar-
lem, Netherlands), pH 5.6. Protoplasts were incubated in a
six-well cell-culture cluster (Corning Incorporated, Corn-
ing, NY) with a layer of 0.4% Gelrite (Duchefa) in the
culture media under continuous light.
RNA extraction and northern blot
Total RNA isolation from protoplasts was performed 48
hpi by the guanidinium thiocyanate–phenol–chloroform ex-
traction method described by Goodall et al. (1990). RNA (3
g) was electrophoresed in a 1% agarose gel containing
1.8% formaldehyde, blotted onto a nylon membrane (Hy-
bond-N; Amersham Pharmacia Biotech), and fixed by UV
crosslinking. Hybridization was performed with digoxige-
nin-labeled RNA, transcribed from the cDNA clone repre-
senting ORF 4, and the probe was detected with the DIG
Luminescent Detection Kit (Roche Molecular Biochemi-
cals).
Protein extraction, western blotting and GUS assay
Total proteins from N. benthamiana plants were ex-
tracted and immunoblotted as described previously (Rubin-
son et al., 1997). Protoplasts were collected and dissolved in
SDS gel-loading buffer (50 mM Tris–HCl pH 6.8, 100 mM
dithiothreitol, 2% SDS, 0.1% bromphenal blue, 10% glyc-
erol), and boiled for 5 min prior to loading onto the gel. MP
and CP were detected with the respective recombinant an-
tiserum (Rubinson et al., 1997). Each gel was also stained
with Coomassie Blue to ascertain that approximately the
same amount of protein had been loaded onto each lane.
The colorimetric X-gluc assay was performed for the
detection of GUS as described by Jefferson et al. (1987).
Incubations were performed overnight at 37°C. Leaves were
decolored in 75% ethanol.
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